Fast pyrolysis of biomass produces bio-oils that can be upgraded into biofuels. Despite similar physical properties to petroleum, the chemical properties of bio-oils are quite different and their chemical compositions, particularly those of non-volatile compounds, are not well-known. Here, we report the first time attempt at analyzing bio-oils using high-resolution mass spectrometry (MS), which employed laser desorption ionization−linear ion trap−Orbitrap MS. Besides a few limitations, we could determine chemical compositions for over 100 molecular compounds in a bio-oil sample produced from the pyrolysis of a loblolly pine tree. These compounds consist of 3−6 oxygens and 9−17 double-bond equivalents (DBEs). Among those, O4 compounds with a DBE of 9−13 were most abundant. Unlike petroleum oils, the lack of nearby molecules within a ±2 Da mass window for major components enabled clear isolation of precursor ions for subsequent MS/MS structural investigations. Petroleomic analysis and a comparison to low-mass components in hydrolytic lignin suggest that they are dimers and trimers of depolymerized lignin. Fast pyrolysis of biomass produces bio-oils that can be upgraded into biofuels. Despite similar physical properties to petroleum, the chemical properties of bio-oils are quite different and their chemical compositions, particularly those of non-volatile compounds, are not well-known. Here, we report the first time attempt at analyzing bio-oils using high-resolution mass spectrometry (MS), which employed laser desorption ionization-linear ion trap-Orbitrap MS. Besides a few limitations, we could determine chemical compositions for over 100 molecular compounds in a bio-oil sample produced from the pyrolysis of a loblolly pine tree. These compounds consist of 3-6 oxygens and 9-17 double-bond equivalents (DBEs). Among those, O 4 compounds with a DBE of 9-13 were most abundant. Unlike petroleum oils, the lack of nearby molecules within a (2 Da mass window for major components enabled clear isolation of precursor ions for subsequent MS/MS structural investigations. Petroleomic analysis and a comparison to low-mass components in hydrolytic lignin suggest that they are dimers and trimers of depolymerized lignin.
Introduction
Among the many pathways for converting biomass into biofuels, the production of bio-oils via fast pyrolysis followed by catalytic upgrading to alkanes and aromatic compounds most closely resembles the refining of petroleum into gasoline and diesel fuel. 1 The bio-oil obtained by rapidly heating biomass in the absence of oxygen to temperatures near 500°C has a superficial physical resemblance to petroleum, but the chemical composition is quite different. Bio-oils contain a high amount of oxygen because of the lignin and cellulose components of the biomass and polar compounds, which are largely absent in petroleum. Bio-oils include an aqueous phase and a water-insoluble phase, both of which contain non-volatile compounds that are difficult to detect by gas chromatographymass spectrometry (GC-MS), the conventional tool for biooil analysis.
One of the significant bottlenecks in optimizing the catalytic upgrading of bio-oils is the lack of molecular-level understanding of bio-oil components. Current characterization techniques rely heavily on bulk property measurements, such as pH, water content, acidity, density, viscosity, and heating values.
2 Great details of structural insights have been made with nuclear magnetic resonance (NMR) and Fourier transform infrared (FTIR) spectroscopy and through GC-MS data.
3-5 However, the understanding is still limited to functional groups present in the mixture in NMR and FTIR studies or volatile compounds in GC-MS. This limits the full understanding of the chemical structures of the bio-oils, particularly non-volatile compounds at the molecular level. 3 Several mass spectrometric analyses have been performed for bio-oils produced from fast pyrolysis of biomass. GC-MS has been successfully used for the analysis of volatile organic components for many decades. 6 However, appropriate tools have been lacking for the analysis of non-volatile oil compounds. Electrospray ionization allows soft ionization of nonvolatile macromolecules and has been used in petroleum oil analysis, 7 particularly for its polar components. It is expected to be beneficial for bio-oil analysis 3 because of the high percentage of polar compounds present. Low-energy electron ionization (EI) with direct-probe sample introduction has been suggested as a possible alternative; 8 however, it suffers from low ion signals and EI fragmentations. Its application is also limited to partially volatile and thermally stable compounds. Field ionization (FI) is a valid approach for ionization of non-volatile compounds and has been used to study several biopolymers with an analytical pyrolyzer.
9,10 Molecularbeam MS has been used for the direct analysis of pyrolysis products through rapid quenching with molecular-beam sampling and low-energy EI. 6 Single-or multi-photon ionization has also been applied for the analysis of biomass pyrolysis products. 11, 12 *To whom correspondence should be addressed. Telephone: 1-515-294-1235. E-mail: yjlee@iastate.edu.
( Matrix-assisted laser desorption ionization (MALDI) or laser desorption ionization (LDI) has been used for molecularweight distributions of non-volatile compounds in bio-oils along with size-exclusion chromatography (SEC). 9 However, aggregate formation during the analysis could be problematic. Laser-induced aggregation has been investigated in LDI of coal asphaltenes by Hortal and co-workers. 13 At low laser power (15 μJ) and low sample concentration (2 mg/mL), a relatively narrow molecular-weight distribution centered at m/z ∼ 300 was observed. As the laser power increases, another molecular-weight distribution started to appear centered at m/z ∼ 600, extending to m/z well above 1000. This high molecular-weight distribution is significant especially with continuous extraction, as compared to pulsed extraction, and at higher sample concentration; this is consistent with the hypothesis that the aggregation reaction occurs in the laser plume. While decoupling desorption and ionization using a twophoton laser system might be the best approach to solve the problem, 14 it is not easily adaptable or commercially available. Another significant limitation comes from the mass resolution of the analyzers. Because of the limited resolutions adopted, most of the applications simply showed molecular-weight distributions without detailed chemical information.
4-8 Doublefocusing mass spectrometers used to be the most popular high-resolution mass spectrometers, but their application was mostly limited to small organic compounds because of the limitation in sample introduction. A remarkable exception is coupling a double-focusing mass spectrometer with pyrolysisfield ionization to characterize organic matter in forest soils and lignin by Hempfling and Schulten. 15 They reported elemental compositions of 25 pyrolysis products of lignin and suggested possible dimeric structures. Recent developments in Fourier transform MS enabled high-resolution mass spectrometric analysis of biological macromolecules using modern ionization techniques. 16 Specifically, Fourier transform ion cyclotron resonance (FT ICR) mass spectrometers allow for mass resolutions exceeding 200 000. With this advancement, along with the need to analyze complex asphaltenes in the petroleum industry, a renaissance of petroleum oil analysis has occurred, named "petroleomics" by Rodgers and Marshall. 17 Marshall's group could analyze over 20 000 compounds in petroleum oils and developed systematic ways of analyzing and understanding these complex samples, such as Kendrick chart analysis and the carbon number versus double bond equivalent (DBE) plot. 17 This approach was effectively used to compare molecular details of petroleum oils from different sources.
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According to a study using a molecular-beam-EIquadrupole mass spectrometer on the pyrolysis products of various lignins by Evans and co-workers, molecular components could vary by both biomass material and chemical process. 6, 19 Understanding and monitoring the crude bio-oils produced by fast pyrolysis could become an efficient tool to optimize the chemical process and improve the subsequent refinement and to choose better biomass materials. Reported here is the first application of petroleomics to bio-oils produced by thermochemical conversion of biomass. Despite inherent limitations in the tools adapted for the current study (laser desorption ionization and Orbitrap mass analyzer), we could successfully demonstrate its application to fast pyrolysis of biomass and suggest some insight on the chemical process of biomass depolymerization.
Experimental Section
Chemicals. Hydrolytic lignin (catalog number 37-107-6), pyrene, and solvents were purchased from Sigma-Aldrich (St. Louis, MO) for the best available purity. The bio-oil samples were provided by Prof. Robert Brown at Iowa State University. In summary, the bio-oil used for this study was produced by fast pyrolysis of loblolly pine in a fluidized-bed pyrolyzer operated at 485°C. The sample was recovered from the third fraction in the bio-oil recovery system. 20 Further details on this system can be found elsewhere. 20 Bio-oils are dark-colored liquids that are chemically unstable and usually viscous. To slow chemical transformation, samples were refrigerated until the analysis.
Mass Spectrometric Data Acquisition. MALDI plates used for the analysis were thoroughly prewashed through a deep-cleaning procedure suggested in the instruction manual provided by the manufacturer (Thermo Scientific). In short, the plate is sonicated first in 3% ammonium hydroxide/acetonitrile for 30 min and then in methanol. The samples were dissolved in three different HPLC-grade solvents (2-propanol, methanol, and acetonitrile) from Sigma (St. Louis, MS) at a concentration of 1.0 mg mL -1 and spotted on a MALDI plate in three increments of 0.5 μL, each being allowed to air dry between each increment. The spotted sample size is about 1 mm 2 , which gives a spotted sample density of 1.5 μg/mm 2 . These sample spots were analyzed with a linear ion trap-Orbitrap hybrid mass spectrometer (LTQ-Orbitrap Discovery, Thermo Scientific, San Jose, CA) using laser desorption ionization. 21 The Orbitrap analyzer was used for the mass spectral analysis with a mass resolution of ∼43 000 at m/z 272 and ∼30 000 at m/z 400. The nitrogen laser (MNL 100, Lasertechnik Berlin, Berlin, Germany) used for the experiment has a wavelength of 337.7 nm, a maximum energy of 80 μJ/pulse, and a maximum repetition rate of 60 Hz. The laser power used was between 5 and 35 μJ for the duration of the experiment. The actual laser power at the MALDI plate is expected to be 75% less than the initial power because of the power reduction caused by two neutral density filters. Pyrene was used as an internal standard for the accurate mass calibration. The MALDI ion source pressure was maintained at 75-80 mTorr. Collision-induced dissociation (CID) was performed in the LTQ with an isolation window of 1.8 Da ((0.9 Da) and collision energy of 50%.
Results and Discussion
Mass Resolution of the Orbitrap Analyzer. There have been two initial concerns in the approach that we are taking. The first concern is that LDI may generate laser-induced aggregation products. The other concern is that the Orbitrap mass analyzer, specifically the Discovery version thatwe use, might not have sufficient mass resolution to resolve all of the peaks in the mixture of bio-oil. The laser-induced aggregation was investigated and minimized, as will be discussed in the next section. The limited mass resolution is justified on the basis of the fact that bio-oils are far less complex than petroleum oils. Most major peaks are at least 2 Da apart from each other, besides 13 C isotopes, and there are only a few peaks, if any, within 1 Da of the mass window (this will be further discussed later; also see Figure 2A ). To further confirm this hypothesis, the same sample was analyzed by a 7 T FT ICR (Solarix, Bruker, Billerica, MA) with a MALDI ion source at a Bruker service facility. Its mass resolution is 10 times higher than that of Orbitrap Discovery: 450 000 at m/z 250 and 268 000 at m/z 400. According to these data, any two neighboring peaks are far apart from each other and expected to be resolved even with the lower mass resolution of Orbitrap Discovery (data not shown; MALDI FT ICR data was not used for further analysis because the laser power was not optimized). Hence, we concluded that the biocrude oil sample has much less complexity and the Orbitrap mass analyzer provides sufficient resolution for the analysis. Mass resolution degrades rapidly as m/z increases in Fourier transform mass analyzers. This is why high mass resolution is particularly important in the analysis of petroleum asphaltene; however, bio-oils are mostly composed of low-molecular-weight components, with m/z 500 or lower, for which Orbitrap still seems to provide sufficient resolution, particularly for those compounds preferentially ionized by LDI (discussed further later).
Laser-Induced Aggregation in LDI. We investigated the laser-induced aggregation of bio-oil to find optimal experimental conditions. We maintained low sample concentration and low laser power throughout the study, equivalent to or lower than those of Hortal et al., 13 to minimize the aggregation reactions. As shown in Figure 1A , LDI linear ion trap spectra of the biocrude oil are composed of three major groups of peaks: low-mass molecules of m/z 250-400 (group I), medium-mass molecules of m/z 400-550 (group II), and high-mass molecules of m/z 550 or higher (group III). Group III is not very clear in Figure 1 ; we can only see some of them within the tail of group II when we magnified its intensities, but it becomes apparent for a sample spotted with higher concentration, where another band of peak distribution is clearly forming (data not shown). The absence of peaks below m/z ∼ 250 in our spectra is due to the inability to see volatile compounds because they would evaporate from the MALDI plate before the analysis.
Group I molecules are dominant, comprising ∼45% of the total ion current, while group III molecules comprise 3% or less of the total ion current ( Figure 1B ). Relative abundances do not change much with laser power between group I and II molecules, except for a slightly higher abundance of group I at the lowest laser power of 16 μJ. The base peak of m/z 272 is unique in that its relative abundance is higher at lower laser power (note that magnification was made, except at m/z 272, in Figure 1A ). On the other hand, the relative ion signals for group III are the lowest at the laser power of 18 μJ ( Figure 1B) . As the laser power surpasses 18 μJ, the relative ion signal from group III increases, most likely as a result of laser-induced aggregation, and eventually becomes saturated. This suggests that the aggregation reaction may be limited by sample density. At low laser power, the overall signal becomes worse (total ion count of 4290 at 16 μJ compared to 42 000 at 18 μJ) and the contribution from background noise increases, resulting in a higher relative abundance of group III at low laser power ( Figure 1B) . Although we cannot rule out the possibility that there are some authentic bio-oil components that are not aggregation products in group III and some aggregation products in groups I and II, we presume group III molecules to be aggregation products and accept group I and II components as genuine molecules from the bio-oils. The significant signal increase of group III components at high concentration further supports this hypothesis.
Under the above assumption, we expect that there will be no aggregation at the laser power of 15 μJ or lower (from the trend indicated by the dotted line in Figure 1B ). However, ion signals become rapidly worse below 18 μJ, as discussed above, and we could not acquire high-quality Orbitrap mass spectra at a laser power of 15 μJ or below. Hence, the Orbitrap mass spectrum was acquired at the optimum laser power of 18 μJ, where both the background noise and aggregation products are minimized ( Figure 1C ). Group III is almost completely diminished in the Orbitrap spectrum at this laser power. It is suspected that most group III molecules are metastable, non-covalent aggregates and might not have survived during the transport from ion trap to Orbitrap. Only group I and II peaks in Figure 1C were used for the subsequent data analysis, and we suspect the laser-induced aggregates in group I or II should also be much less abundant or absent in the Orbitrap spectrum and should be ignorable. The optimum laser power changes significantly depending upon experimental conditions and sample density. Thus, the optimal laser power was determined for each sample spot before every measurement.
In addition to laser power optimization, several other preliminary experiments were performed to attain optimum experimental conditions. Several matrixes were tested for possible improvements in overall signals and/or enhancement of particular classes of molecules; however, no significant differences were observed in comparison to experiments that used no matrix. Slight signal improvement was noticed when colloidal graphite was used as a matrix, but there was also a significant graphite background. Therefore, we obtained all of the data without any matrix to simplify the data analysis and minimize the contamination from the matrix. Various solvents (methanol, 2-propanol, and acetonitrile) were tested to verify that there was no reaction with the solvent, such as esterification, and no difference was noticed between the solvents used.
Chemical Composition Analysis of Bio-oil Components. External calibration provides mass accuracy of 5 ppm in Orbitrap mass spectra, and internal calibration gives a slightly better mass accuracy of 3 ppm. For better mass accuracy, the experiment was performed by adding pyrene (C 16 H 10 , m/z 202.0777) to the biocrude oil sample as an internal standard. Panels A and C of Figure 2 show the Orbitrap spectra obtained in the m/z ranges of 250-400 and 400-550, respectively. Pyrene was detected with a mass error of 0.3 ppm with external calibration (well below m/z 250 and not shown in Figure 2A ). After the internal calibration, the chemical composition analysis of the most abundant peak, m/z 272.1044, was performed with the maximum number of carbons, hydrogens, nitrogens, and oxygens of 30, 60, 10, and 10, respectively. Sulfur was ignored because the A þ 2 isotope for 34 S was not observed. Chemical composition of m/z 272.1044 was assigned as C 16 H 16 O 4 with a mass error of only 0.4 ppm and was the only chemical composition with a mass error of less than 3 ppm. All of the major peaks could be assigned in the same manner, and the mass errors were all less than 1 ppm. There are a few things to be noted for the major peaks shown in Figure 2A . First, they are all even mass ions, molecular radical ions with no nitrogen or proton, and oxygen is the only heteroatom. In addition, we do not see any doubly or other multiply charged ions in our data set, which can be easily determined in high mass resolution spectra; i.e., doubly charged ions would produce a þ0.5 Da peak for the 13 C isotope. Second, most of the major ions are at least 2 Da apart from each other, ignoring the 13 C isotope, and are composed of a few series of ions, with 14 Da mass differences (alkyl chain series) and 2 Da mass gaps (double bonds) between each series. The similar pattern of þ14 and þ2 Da series of ions is commonly found in petroleum oils with a much wider distribution of alkyl chains and double bonds 17 and also in bio-oils from biomass pyrolysis.
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Further analysis of all of the ions was systematically performed by Kendrick mass defect analysis, as shown in Figure 3 . 18 International Union of Pure and Applied Chemistry (IUPAC) mass was transformed to Kendrick mass by multiplying 14.01565(mass of CH 2 )/14. The Kendrick mass defect, the difference between the Kendrick nominal mass and the Kendrick accurate mass, is consistent regardless of the size of alkyl chains for the same class (heteroatoms) and type (double bonds) of molecules. After the mass normalization of alkyl chain series through Kendrick mass transformation, a series of ions with the same class and type are aligned horizontally at the same Kendrick mass defect (Figure 3) . Kendrick mass defect analysis has several advantages. First, a trend of ions with the same class and type can be easily noticed. Also, low mass accuracy for high-mass or low-intensity ions can be tolerated from the trend of lowmass and/or high-abundance ions. A total of 134 compounds were assigned through direct chemical composition analysis and the Kendrick mass analysis, as tabulated in Supplementary Table 1 Orbitrap mass spectrum of hydrolytic lignin (Sigma, catalog number 37-107-6) at the optimal laser power obtained through the procedure described above and compared that to the fast pyrolysis of loblolly pine, shown in Figure 2 . According to the information provided by Sigma, this sample is a polymeric autohydrolysis lignin isolated from a commercial hydrolysis pilot plant using predominantly sugar cane bagasse as a raw material. It is in solid form and has an average molecular weight of 1700 (number averaged mole cular weight) or 19 300 (weight averaged molecular weight) according to the data sheet. As shown in panels B and D of Figure 2 , however, only small molecules in m/z range of 250-550 could be observed (no peak above m/z 550, which is not shown). It seems that we detect only low-molecularweight components of hydrolytic lignin under the given experimental conditions.
Hydrolytic lignin has two groups of peaks similar to groups I and II in biomass pyrolysis (panels B and D of Figure 2 ). Spectral similarity could be noticed with biomass pyrolysis, especially in group I (panels A and B of Figure 2 ). Many of the major peaks in group I have exactly the same accurate masses (within mass error of 1 ppm) and corresponding chemical compositions between biomass pyrolysis and hydrolytic lignin. Group II, however, shows quite different mass spectral patterns (panels C and D of Figure 2 ). . It should be noted that both the series of ions are also observed in biomass pyrolysis but in lower abundance (dotted circles in Figure 2A ). Careful inspection of Supplementary Table 1 in the Supporting Information revealed that most of the O5 and O6 compounds in group I can be explained as CH 2 O addition to O 4 and O 5 compounds, respectively, and all O 7 compounds in group II can be explained as CH 2 O addition to O 6 compounds. It may indicate that, contrary to the apparent complexity of bio-oils, they have originated from a few common structures that are extended with different levels of alkylations, double bond formations, and methoxy group additions.
The lignin monomer in pine is known to have a methoxy group attached to an aromatic ring, and bagasse has one or two methoxy groups per aromatic ring, 22 which is also consistent with our observation that bagasse acidic hydrolysis has a higher abundance in methoxy groups than pine pyrolysis, suggesting the structural influence of original biomass materials. A systematic study on various biomass materials and chemical processes may be needed for the better understanding of how they affect the final products.
Understanding the Petroleomic Data Set. Various graphical representations have been developed to illustrate thousands of molecular components in petroleum oils obtained from petroleomics approaches. 23 There is a fundamental assumption in all of these data explorations that we ignore the difference in ionization yields between the compounds. This assumption has a clear limitation because different functional groups may result in significant differences in ionization yields. However, no method has been reported thus far that can quantify hundreds and/or thousands of compounds in a complex mixture of petroleum oils or biooils, most of whose exact chemical structures are still unknown. We adopt the assumption of ignoring the difference in ionization yield as a zeroth-order approximation and use some graphical tools developed in petroleomics to illustrate and understand hundreds of molecular components in biooils. Hence, the data presented here will provide only qualitative and/or semi-quantitative information.
It should also be noted that there are certain classes of molecules missing in the current study. First, as mentioned above, volatile compounds, with vapor pressure higher than ∼80 mtorr (our MALDI source pressure), will evaporate rapidly from the sample plate before mass spectral data acquisition. Second, we may preferentially ionize those compounds that have high ionization yields under LDI conditions. Hage and co-workers demonstrated that multi-photon ionization could be efficiently used to ionize pyrolyzed lignin compounds.
12 Particularly, they obtained a spectral pattern comparable to ours in a pyrolyzed wood oak sample for a m/ z range of 250-400 (m/z 272, 284, 302, 314, 344, and 332 and also (2 Da shifted ions around these ions) using a laser wavelength (354.6 nm) similar to ours (337.7 nm), which suggests that the ions in our data set might also be produced via multi-photon ionization by favoring aromatic compounds and discriminating against other compounds, such as cellulose pyrolysis products. The similarity of our current data on biomass pyrolysis with lignin hydrolysis is partially owing to the fact that the pyrolytic products of pine cellulose might not have been readily ionized and detected with the current method. Figure 4A shows the abundance of each heteroatom class with comparisons between the biomass pyrolysis and the hydrolytic lignin. In both samples, O 4 compounds are dominant, followed by O 5 and O 6 compounds; however, O 4 compounds are only 36% in hydrolytic lignin, while they are 64% in biomass pyrolysis. It has been known that minimum oxygen content in biodiesel is important to maintain long-term storage. 24 Higher oxygen content in hydrolytic lignin seems to come from a higher number of methoxy groups, as discussed above. Figure 4B shows the plot of DBE distribution for each heteroatom class for the fast pyrolysis of biomass. Two DBE distributions, centered at DBEs of 10-11 and 15-16, respectively, are distinctively noticed. The first distribution is dominated by O 4 and O 5 compounds, and the second comes mostly from O 6 compounds. The high DBE values of 9-17 suggest that they most likely contain at least one aromatic group but possibly two or three.
The molecular components that we identified in the bio-oil of fast pyrolysis of biomass seem to be depolymerized products of lignins, particularly dimeric and trimeric units of lignin for the first and second DBE distributions in Figure 4B . First of all, high similarity in chemical compositions between biomass pyrolysis and hydrolytic lignin strongly supports this hypothesis. Depolymerized lignin has been suggested as a common pyrolysis product of wood materials. 25, 26 Also, the particular fraction used for the current study is highly water-insoluble and expected to contain a high concentration of lignin. 27 It is noteworthy that lignin monomers are missing in our data set because they are volatile, with m/z below 250, while other studies using different types of ionization methods could detect lignin monomers, such as in pyrolysis GC-MS, 28 pyrolysis FI-MS analysis of lignins, 10, 15 electrospray ionization (ESI)-MS, 3 and GC-MS. 4 Some other supportive evidence can be found in the similarity of the weight percent ratio of C/H/O between lignin and our data. The C/H/O ratios of 69:5:26 in hypothetic lignin and 72:5:23 in hydrolytic lignin are similar to that of our data set, 76:6:18. Here, the hypothetical lignin is calculated from a theoretical model of lignin nanomer proposed by Bayerbach and Meier.
9 Lower oxygen content in biomass pyrolysis, as compared to hypothetical lignin or hydrolytic lignin, might originate from the loss of some oxygen during the pyrolysis process, most likely through the loss of some methoxy groups. It should be noted that molecular characteristics are often lost in pyrolysis at very high temperatures; for example, FTIR spectra of lignin and cellulose pyrolysis at 600°C or higher are very similar. 29 However, we expect that a large portion of molecular characteristics would still remain for the pyrolysis at 500°C or below, such as the bio-oil sample used in the current study. Figure 5 shows the contour map of O 4 and O 6 compounds, the most dominant heteroatom species in dimeric and trimeric units of lignin, displayed for the number of carbon and DBE as x and y coordinates. The area of each circle in this contour diagram represents the ion signals for each corresponding molecule. There are two distinct contours: one centered at a carbon number of ∼18 and DBE of ∼10 with mostly O 4 compounds and the other centered at a carbon number of ∼27 and DBE of ∼15 with mostly O 6 compounds. The average difference between the two is 9 for the number of carbons, 2 for the number of oxygens, and 5 for DBE, implying that the average chemical composition of the monomer unit might be C 9 H 10 O 2 . This strongly suggests that the two contours correspond to dimers and trimers of lignin because the average chemical compositions of the two contours, C 18 H 18 O 4 and C 27 H 26 O 6 , are roughly 2 and 3 times the monomer composition. The average chemical composition of the monomer unit, C 9 H 10 O 2 , happens to be the same with coumaryl alcohol (HO-Ph-CHdCH-CH 2 OH), one of three possible lignin monomers, further supporting the lignin hypothesis; however, the structure is most likely not exactly the same considering that coumaryl alcohol is not a major monomer in pine lignin but should be something produced through pyrolytic depolymerization.
Structural Insights from MS/MS Analysis. To obtain structural details, we performed MS/MS analysis of some of the chemical compounds in fast pyrolysis of biomass. As discussed above, the bio-oils are much less complex than petroleum oils and many of the major compounds have almost no interfering peaks within (2 Da, other than 13 C isotopes. This is different from petroleum oils, where at least a few peaks can be found with significant intensities within every dalton. This provides us an exclusive opportunity to perform MS/MS of some precursor ions with almost no interference from nearby peaks, which is impossible in petroleum oil analysis. It should be noted that some peaks do have interference at the same nominal mass and cannot be Table 1 in the Supporting Information). Most other major precursor ions, however, can be isolated with no or a negligible amount of interference. Figure 6 shows MS/MS spectra of m/z 272, 284, 296, and 308, which represent O 4 compounds with DBEs of 9, 10, 11, and 12, respectively. MS/MS spectra of m/z 284, 296, and 308 show very similar spectral patterns; methyl loss is most dominant, and CH 4 O and C 2 H 3 O losses are consistently found with significant intensities. On the other hand, MS/ MS of m/z 272 is clearly distinguished from the others by having much less methyl loss and many other fragmentations instead. Fragmentations corresponding to the loss of CH 3 O and CH 5 O, instead of CH 4 O, are quite intriguing, and the losses of OH and C 2 H 3 O 2 are also very unique. Typically, water loss is observed instead of OH for a hydroxyl group attached to an alkyl chain, indicating that OH loss in MS/MS of m/z 272 might be from a phenolic hydroxyl group. The loss of CH 3 O and CH 4 O may have originated from the direct cleavage or rearrangement fragmentation of a methoxy group and is consistent with the high content of methoxy groups known to be present in lignin and/or bio-oils suggested by IR and NMR studies. 3 The precursor ion of m/z 272 is most abundant in the MS/MS spectrum, 5 times or higher than any fragment, while other precursors are less abundant than the base fragment of methyl loss, suggesting unusual stability of the C 16 H 16 O 4 þ • molecular radical ion (m/z 272).
The uniqueness of m/z 272 can also be noted elsewhere. First, as shown in Figure 5 , carbon distribution is very narrow for the DBE of 9, centered at 16 carbons (C 16 H 16 O 4 ), constituting 80% of all O 4 compounds with DBE of 9, while other DBE groups have much wider carbon distributions, with any carbon number being less than 40% within each DBE group. Second, m/z 272 is very distinctively observed in the studies of others. It was observed as the most dominant peak above m/z 250, regardless of biomass or pretreatment by Evans and co-workers 19 and regardless of electron energy by Xu and co-workers. 8 The peak at m/z 272 is even observed in pyrolysis FI-MS of forest humus samples by Hempfling and Schulten and suggested to have come from the pyrolysis of lignin. 15 The anomalous MS/MS spectrum, combined with the other unusual behavior of m/z 272, strongly suggests that m/z 272 must have a very different chemical structure compared to the others. Considering the possibility that m/z 272 could be a mixture of several structural isomers, at least the major isomer must have a very unique structure.
It is noteworthy that the chemical composition of m/z 272 is also assigned as C 16 H 16 O 4 in the pyrolysis of lignin by Hempfling and Schulten 15 and by Evans and co-workers.
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Hempfling and Schulten determined the exact chemical composition from high-resolution mass spectra acquired with a double-focusing mass spectrometer, while Evans' group simply speculated. Evans' group suggested that it has an alkyl aryl ether linkage between the two aromatic monomer units, but Hempfling and Schulten claimed that alkyl aryl ether would be thermally labile and would not survive in the harsh pyrolysis process. Instead, they suggested two alternative structures of phenyl coumaran and a stilben derivative. Nonetheless, both of the groups do not have any data supporting their suggested structures. Bayerbach and Meier suggested a diphenyl-ether-type structure according to their FTIR and NMR data; 9 however, their FTIR and NMR measurements were of a mixture of biomass pyrolysis compounds and not necessarily representative of a particular compound, such as m/z 272. A detailed study on MS/MS of various standards and/or model compounds will be needed to obtain further structural insight.
Conclusion
The use of Orbitrap high-resolution MS with laser desorption ionization allowed for the identification of 136 chemical compositions of non-volatile compounds in a bio-oil sample produced by fast pyrolysis of loblolly pine. A comparison to low-molecularweight components in hydrolytic lignin and petroleomic analysis suggests that these compounds are dimer and trimer units of lignin depolymerization products. Our petroleomic analysis predicts average chemical compositions of monomeric unit as C 9 H 10 O 2 . Partial structural information has been obtained from MS/MS of a few molecular components.
The choice of laser desorption ionization in the current study has limited us to non-volatile aromatic compounds. For example, we failed to achieve meaningful signals in our preliminary effort for cellulose pyrolysis using the current approach. It is attributed to the inability of the non-aromatic cellulose pyrolysis products to absorb the laser power for their desorption and ionization. We have a plan to adopt other ionization methods, specifically ESI and atmospheric pressure chemical ionization (APCI) , to analyze the pyrolytic products of cellulose and hemicellulose. However, the current approach adopted here turned out to be well-suited for the first application of petroleomic analysis of fast pyrolysis bio-oils. According to our recent preliminary experiment using atmospheric pressure photoionization (APPI) FT ICR, APPI also produces mostly lignin dimeric and trimeric units but with much more complexity because of the overlap between protonated molecules and molecular radical ions. Further investigation with FT ICR using various ionizations, including APPI, ESI, and APCI, will provide us a better understanding of fast pyrolysis bio-oils. A systematic MS/MS study will also be performed for major compounds and various standard compounds to attain detailed structural insight. We are currently working on a project to study bio-oil aging in which not only the current tool but also other traditional analytical techniques, such as GC-MS and gel permeation chromatography, will be used to achieve a comprehensive understanding of biomass pyrolysis products.
